We investigated the relationship of stem diameter to tree, site and stand characteristics for six major tree species (trembling aspen, white birch, balsam fir, lodgepole pine, black spruce, and white spruce) in Alberta (Canada) with data from Alberta Sustainable Resource Development Permanent Sample Plots. Using non-linear mixed effects modeling techniques, we developed models to estimate diameter at breast height using height, crown and stand attributes. Mixed effects models (with plot as subject) using height, crown area, and basal area of the larger trees explained on average 95% of the variation in diameter at breast height across the six species with a root mean square error of 2.0 cm (13.4% of mean diameter). Fixed effects models (without plot as subject) including the Natural Sub-Region (NSR) information explained on average 90% of the variation in diameter at breast height across the six species with a root mean square error equal to 2.8 cm (17.9% of mean diameter). Selected climate variables provided similar results to
Introduction
Accurate measurements of diameter and height are of critical importance to forest managers and practitioners in the decision-making process, since these tree attributes allow the indirect estimation of stem volume, biomass, and site index. The estimation of stem diameter and height for individual trees plays a pivotal role in the development of reliable growth and yield curves [1] , and in the development of detailed forest inventories [2] .
While field measurements of diameter at breast-height (DBH) are relatively easy and inexpensive, the traditionally more challenging task of height measurement has been transformed by light detection and ranging (LiDAR) technology [3] . The information collected using LiDAR has already been widely used to estimate: tree height, height and diameter distribution, leaf area index, biomass and crown attributes of individual trees [4] [5] [6] [7] [8] . With the potential to rapidly measure tree height and other attributes via remote sensing, the focus is now on improving the simple linear models available to derive stem diameter from height, crown and stand attributes [9] .
The challenge in developing widely applicable height estimation models is to effectively represent the influence of tree-, stand-, site-and regional-level variables. Numerous studies have already shown that the allometric relationship between diameter and height is influenced by factors such as crown length, stand density and site index [10] [11] [12] . Edaphic and climatic variables have been shown to improve the estimation of forest growth projections [13] , and may also influence the tree allometry, including height-diameter relationships.
In Alberta, edaphic and climatic site characteristics can be obtained from: (1) ecoregion classification such as the Natural Regions of Alberta, which are ecological units geographically defined by vegetation, soil and physiographic features which are influenced by climate, topography and geology [14] ; (2) spatial climate models such as ClimateWNA that provide climate data for a given location based on latitude, longitude and elevation [15] ; and (3) moisture and nutrient regimes information that is available from inventory surveys.
Our main objective was to develop non-linear diameter models using ground-measured height, crown, basal area and other attributes (e.g., climate, nutrient and moisture regime) for six major tree species in Alberta, Canada.
Materials and Methods

Study Data Description
The data used for this study comes from the Alberta Government's Permanent Sample Plots (PSPs) located across the province of Alberta (Figure 1 ). The tree species were selected based on the number of sampled trees available by excluding those species with less than 1000 observations. The selected species are: two broadleaves including trembling aspen (Populus tremuloides Michx.) and white birch (Betula papyrifera Marsh.); and four conifers including balsam fir (Abies balsamea (L.) Mill.), lodgepole pine (Pinus contorta Dougl.), black spruce (Picea mariana (Mill.) B.S.P.), and white spruce (Picea glauca (Moench) Voss). According to the '2005 PSP Field Procedure Manual' [16] , height to live crown is that point that divides a portion of the tree that is continuously branched from another part that has sporadic or no branching. For broadleaf trees the live crown starts at the lowest leaves level and not at the branch level. Crown width measurements are taken in the four cardinal directions (i.e., North, West, South and East) at the widest portion of the foliage for each direction by looking up from the base of the tree. Crown attributes such as crown area (CA), crown volume (CV), and crown surface area (CSA) were then calculated assuming a prolate ellipsoid shape for the broadleaves, and a conical shape for the conifers. Crown radii were not measured for each tree in the plot; therefore crown attributes of competing vegetation could not be used as an estimate of competition.
In order to quantify the effect of competition, we calculated: basal area per hectare (BA), number of trees per hectare (TN), and basal area of the larger trees per hectare (BALT). BALT is the basal area sum of each tree larger than the subject tree (within the plot). For each species and PSP only the last available measurement was used for the analysis. Table 1 for the broadleaves and Table 2 for the conifers, provide basic statistical information (e.g., mean and standard deviation) for a number of representative variables such as plot size, DBH, height, and crown and stand attributes. We also calculated a number of selected climate variables using the spatial climate model ClimateWNA [17] that provided monthly data for each site based on latitude, longitude and elevation [15] . [18] . Table 3 provides basic statistical information (e.g., mean and standard deviation) for each climate variable. 
Model Selection
During the preliminary analysis we screened several non-linear candidate equations to investigate the relationship between diameter and height. We compared the models using several criteria such as the coefficient of determination (R 2 ), the root mean squared error (RMSE), and the Akaike's information criterion (AIC), which quantifies the tradeoff between bias and variance in model construction. The following models fitted the data well:
DBH was measured at 1.3 m; however we decided to also include in the models those trees that are 1.3 m tall by using height minus 1.29 m for the analysis.
The relationship between diameter (i.e., DBH) and crown attributes (i.e., crown radius, crown length, crown area, crown volume, crown surface area) was then tested using the following model selected during preliminary analysis:
Analysis indicated that crown volume and crown length were the best predictors (lower AIC) of diameter for the six tree species. However, considering that crown area also performed well, and is easily determined from LiDAR or aerial photos we decided to use this variable in subsequent analysis. Thus crown area (CA) was added to Equations (1) and (2) as follows:
Preliminary analysis also included F-ratio tests [19] to compare Equation (1) with Equation (2); and Equation (4) with Equation (5). The results indicated that Equation (4) was the best model (lowest AIC) for trembling aspen and white birch; and Equation (5) was the best model (lowest AIC) for balsam fir, lodgepole pine, black spruce and white spruce.
During the preliminary analysis we also included stand and tree attributes such as basal area per hectare (BA), the number of trees per hectare (TN), and, at the tree level, basal area of the larger trees per hectare (BALT) into the model. The results indicated that BALT had the highest predictive ability (lowest AIC). F-ratio tests were then carried out to investigate if the inclusion of BALT improved the overall predictive ability (lower AIC) compared to models without the stand attribute. The results provided evidence that including BALT significantly improved the model fit and was therefore included in the base models as follows:
Natural Sub-Region, Moisture and Nutrient Regimes, and Climate
Natural Sub-Region (NSR) [14] and moisture and nutrient regimes [20] were separately added to the models using indicator variables (i.e., z i *d i ; where d i is the indicator variable 1 if NSR, 0 otherwise, and z i is the NSR parameter) [19] . The NSRs include the Central Mixedwood, the Dry Mixedwood, the Lower Boreal Highlands, the Lower Foothills, the Montane, the Northern Mixedwood, the Subalpine, and the Upper Foothills [21] . The moisture regimes (i.e., 2-9) were grouped into low, medium, and high levels of moisture (i.e., Low = 2, 3, and 4; Medium = 5 and 6; High = 7, 8, and 9), and the nutrient regimes (i.e., 1-5) were grouped into low, medium, and high levels (i.e., Low = 1 and 2; Medium = 3; High = 4 and 5).
For trembling aspen and white birch the equation tested is:
[
For balsam fir, lodgepole pine, black spruce and white spruce the equation tested is: 
Mixed Model Analysis
In order to account for the nested sources of variability related to plot, preliminary analysis of mixed effect models including plot as a random subject in Equations (8) and (9) was carried out. For each species, best results were obtained for models with only one random parameter (b 0 added to the slope β 0 ). Mixed effect models with more than one random parameter either failed to converge or resulted in non-significant estimates, likely owing to the relatively small number of trees in some PSPs. These models were then tested with and without the inclusion of NSR information (i.e., z i *d i ). For trembling aspen and white birch the equations tested are:
For balsam fir, lodgepole pine, black spruce and white spruce the equations tested are:
Parameter estimation for both fixed-effects and mixed-effects models was completed using the NLMIXED procedure in SAS statistical package [22] .
Results
The base model that included Ht, crown area and BALT accounted for much of the variation in DBH (R 2 from 0.858 to 0.937) and resulted in RMSE ranging from 4.6 to 2.0 cm (Table 4) . Including NSR information into the base models significantly improved the model fit for all six species (Table 5) . F-ratio tests indicated that grouping three NSRs (i.e., Central Mixedwood, Dry Mixedwood and Northern Mixedwood) reduced AIC for trembling aspen, but grouping NSRs increased AIC for the remaining species.
The inclusion of moisture regime resulted in parameters significantly different from zero (α = 0.05) only for trembling aspen and white spruce. However, moisture regime did not improve the overall fit (resulting in higher AIC) compared to models with NSR information. Adding nutrient regime into the model again resulted in parameters significantly different from zero (α = 0.05) for trembling aspen and white spruce. Inclusion of nutrient regime improved the model fit only for trembling aspen as compared to the model with the NSR information, but not for white spruce.
Adding climate variables to the models resulted in a better fit for trembling aspen, lodgepole pine, and black spruce compared to models with NSR information (Table 6 ). For balsam fir there was no significant difference between the two models, and for white birch and white spruce the models with the NSRs provided slightly better fit than the models with the climate variables.
The results from the mixed model analysis indicate that by adding plot as a random subject, the overall fit of the model improved compared to fixed effect models only (Tables 7 and 8 ; and Figure 2 ). However, mixed effect models resulted in only minor improvements for models with NSR information. Table 4 . Parameters estimates (reported with standard errors) and goodness-of-fit for tree diameter modeled as a function of height, crown area, and basal area of the larger trees, for trembling aspen and white birch Equation (6); and for balsam fir, lodgepole pine, black spruce and white spruce Equation (7) Table 7 . Mixed model analysis (plot as the random subject): parameters estimates (reported with standard errors) of models with tree diameter modeled as a function of height, crown area, basal area of the larger trees and natural sub-regions (i.e., Equations (12) and (14)), or without natural sub-regions (i.e., Equations (13) and (15)), for trembling aspen and white birch, Equations (12) and (13); and for balsam fir, lodgepole pine, black spruce and white spruce, Equations (14) and (15) Table 8 . Goodness-of-fit of mixed effect models (plot as the random subject) for tree diameter modeled as a function of height, crown area, basal area of the larger trees and natural sub-regions (i.e., Equations (12) and (14)), or without natural sub-regions (i.e., Equations (13) and (15)). For trembling aspen and white birch, Equations (12) and (13); and for balsam fir, lodgepole pine, black spruce and white spruce, Equations (14) and (15), as described in Section 2.4. Goodness-of-fit of fixed effects models, Equations (8) and (9), are also presented for comparison purposes. 
Mixed Effect Models Fixed Effect Models
Discussion
The analysis confirmed that non-linear models best represent the relationship between diameter and height [23] . The base models were significantly improved by the addition of crown area and basal area of the larger trees. These measures are linked to the tree competitive status and the availability of resources during the growing season [24] , which may have a stronger influence on stem diameter than on tree height.
The fit of models was also improved by including both NSRs and climate but the inclusion of nutrient and moisture regimes was not beneficial. Other studies have shown that climatic variables can be used to improve the predictive ability of growth models [13, 25] and are particularly effective for retrospective analysis including short-term updates of forest inventory [26] .
The similar results obtained with climate variables and the NSRs are likely related to the strong influence of climate in defining these ecological units which are also based on landscape patterns (e.g., vegetation), soils and physiographic features [14] . Given the relatively narrow range of variability White spruce between sites in terms of moisture and nutrient regime estimates, these factors proved to have low predictive ability when added to the base models.
Grouping NSRs significantly improved model performance only for trembling aspen. This species has an extensive range and is able to grow on a variety of climates and soils [27] , which may explain the possibility to group more NSRs together within the diameter model. However, trembling aspen is considered relatively sensitive to drought [28] and, considering the current warming trend [29] , diameter models that account for the climatic factors should be preferred.
Accounting for nested sources of variability (e.g., plot) using mixed models further improved the diameter model fit and provided RMSE values between 1.57 and 2.84 cm, which is between 8.9 and 19.8% of average diameter. A similar study using non-linear models for conifer species in Canada have indicated RMSE values between 2.4 and 3.6 cm [30] . Recent studies have also shown that mixed-effects models are preferred for models of height and diameter [31] [32] [33] .
The diameter models developed indicated that Natural Sub-Regions and climate indices (e.g., Annual Heat:Moisture index) are important factors to be considered in fixed effects diameter models, while mixed effects models are able to produce accurate diameter estimates when the variability related to plot location is taken into account. In this regard, the mixed effect models might be preferable for retrospective analysis including short-term updates of forest inventory [26] , while fixed effect models with climate related variables may be more useful when investigating the relationship between diameter and height in relation to existing climate gradients across Alberta.
Several previous studies on models predicting height from diameter (e.g., [34] ) indicated that the inclusion of other tree and stand parameters improves the model fit. Moreover, the asymptotic relationship between height and diameter provides for additional complexity; at the same time, it was documented that models of height and diameter are more strongly asymptotic for individual stands than for regional models [35] . While crown measures and social status may improve model fits, these attributes may also be influenced by factors such as stand age and structure, as well as site conditions. However, in our study the inclusion of site attributes (moisture and nutrient regime) did not result in a significant improvement of model prediction; comparatively the regional variation (represented in the models by the Natural Sub-Regions) provided superior predictions.
The developed models can provide accurate estimates of diameter at a regional level (i.e., province of Alberta), but further studies should aim at expanding their applicability to the entire range of each tree species in order to provide generally applicable models of diameter and height. A potential issue in model application is that ground-measured tree and stand characteristics were used in model fitting. As it becomes operationally feasible to estimate these tree and stand characteristics through remote sensing techniques, it will also be possible to assess differences between ground-based and remote sensing-based estimates of the predictor variable [36] . It may be necessary to develop calibration functions to adjust any biases in the remote sensing-based estimates. In a remote sensing environment, the parameter related to the estimate of competition represented in the models by basal area of the larger trees should be recalculated by using instead crown area of competing vegetation. Crown attributes of individual trees can be derived by combining LiDAR data with aerial photographs or high resolution multispectral imagery [37] .
Conclusions
The mixed models developed in this study provide accurate estimates of stem diameter based on height, crown area and basal area of the larger trees for several species in Alberta. Overall, the models are able to explain 95% of the variation in diameter at breast height across the six species with a root mean square error of 2.0 cm (13.4% of mean diameter). Fixed effect models with the inclusion of Natural Sub-Region (NSR) information are able to explain 90% of the variation in diameter at breast height across the six species with a root mean square error equal to 2.8 cm (17.9% of mean diameter). Selected climate variables provided similar results to models with NSR information. These models are a step forward in allowing the prediction of stem diameter at regional level using measurements of height and crown area provided by remote sensing.
